We report the investigation of the angular momentum transfer of light to photoelectrons and Auger electrons at the Ni L 3 absorption threshold. Upon core-level excitation by circularly polarized light, the angular momentum of light, or helicity, is transferred to the emitted photoelectron. The angular momentum of the emitted photoelectron (m f ) is the sum of the helicity (σ ) and the orbital magnetic quantum number of the initial state (m i ). Here the quantization axis was defined as the direction along the incident light. This can be measured by the parallax shift of the forward focusing peak (FFP) direction in the photoelectron intensity angular distribution. At the absorption threshold, the excited core-level electron is promoted to a conduction-band state and the angular momentum of the light is partially transferred to Auger electrons. We measured photoelectron and Auger electron intensity angular distributions from the Ni(111) surface at the L 3 absorption threshold. We observed a significant angular circular dichroism of the [101] FFP for the L 3 M 4,5 M 4,5 Auger electrons. Furthermore, we discovered non-negligible reversal angular circular dichroism contrasts for the triplet components in the case of the L 3 M 2,3 M 4,5 Auger electrons, suggesting that the angular momentum of light was transferred to the emitted electron in the antiparallel way.
I. INTRODUCTION
Core-level photoelectron diffraction is a powerful technique to analyze element specific local atomic structures [1] . Forward focusing peaks (FFPs) appearing in the photoelectron intensity angular distribution indicate the directions of atoms surrounding a photoelectron emitter atom [2] [3] [4] [5] . When a core level is excited by circularly polarized light (CPL), angular momentum of light, or helicity, is transferred to the emitted photoelectron, which can be confirmed by taking a stereograph of the atomic arrangement and measuring the parallax shift of the FFP directions induced by left and right CPL [6] . The parallax shift of the FFP is proportional to the angular momentum of the emitted photoelectron and inversely proportional to the interatomic distance between the photoelectron emitter and scattering atoms. The angular momentum of the emitted photoelectron (m f ) is the sum of the helicity (σ ) and the orbital magnetic quantum number (MQN) of the initial state (m i ). Angular circular dichroism (ACD) contrasts originate from the interference of the direct wave from the emitter atom and the wave scattered by the neighbor atoms. Thus they reflect the local atomic and electronic structure. This ACD contrast can be used to specify the emitter sites and investigate their atomic orbital characters [7] . * matui@ms.naist.jp
Compared to the photoelectron emission [8] [9] [10] , the transition matrix element for the Auger electron emission, where several electronic states are involved, is much more complicated [11] [12] [13] . The radial factors of the transition matrix elements [14] [15] [16] for the different term final states have been studied for a long time but less attention was paid to the intensity angular distribution. There are theoretical simulations of Auger electron intensity angular distributions for low kinetic energy below 200 eV by taking the angular momenta of the emitted electron waves into account [17, 18] . Matsushita et al. demonstrated a holographic reconstruction of atomic arrangement from Cu LMM Auger electron diffraction by considering the Auger electron angular momentum [19] . The emitted Auger electron wave from an atom is not isotropic and contains the atomic orbital information of involved core and valence states.
Recently, a prominent FFP ACD was also found in the Auger electron intensity angular distribution at the absorption threshold [20] [21] [22] . Extraordinary large angular momentum transfer to the resonant Auger electron where the excited core electron is trapped at conduction-band state was found by Morscher et al. [20] for Ni L 2 absorption and showed that the surface magnetization orientation can be determined in three dimensions. It is noteworthy that the ACD direction of L 3 M 4,5 M 4,5 was in opposite way with respect to that of
We reported a quantitative analysis of angularmomentum-polarized LM 4,5 M 4,5 Auger electrons from the nonmagnetic Cu surfaces at the L 3 and L 2 absorption thresholds and showed that the amount of angular momentum transfer depends on the term of the two-hole final state [21, 22] . The amplitude and the direction of angular momentum transfer depend largely on the kinds of atomic orbitals involved in the Auger decay process. In the present study, we investigate the angular momenta of the Ni L 3 MM Auger electrons experimentally. The resonant Auger electron emission by CPL excitation is an excellent way to specify the atomic number, orbital MQN, and atomic site of hole state in valence bands. This is useful for revealing the contribution of each atomic orbital to the electronic properties in compound crystals and epitaxial thin films.
II. EXPERIMENTAL DETAILS
The single-crystalline Ni(111) surface was sputtered with Ar + ions and annealed up to 500
• C in ultrahigh vacuum condition to obtain a clean surface. The quality of the substrate surface was checked by electron diffraction, x-ray photoelectron spectroscopy, and Ni photoelectron and Auger electron angular distributions [20, 23] . No contamination was identified. In order to seal the reactive Ni(111) surface [23] , the surface was coated with a single layer of hexagonal boron nitride (h-BN) [24, 25] . Exchange splitting of the three¯ surface states of Ni(111) observed by three-dimensional spin-and angleresolved photoelectron spectroscopy, was also confirmed from the h-BN/Ni(111) surface. The h-BN layer does not affect the properties discussed here.
The photoelectron and Auger electron intensity angular distributions from the h-BN/Ni(111) surface were measured using a concentric hemispherical energy analyzer at the soft xray beamline X03DA [Photoemission and Atomic Resolution Laboratory (PEARL)] at the Swiss Light Source (SLS) [26, 27] . The polarization of monochromatized soft x rays at PEARL can be altered by changing the path of the storage ring electrons in the bending magnet section. The monochromator settings need not be changed for polarization switching. Ellipsoidalpolarized light with a polarization up to 70% was available. The emission angle at the center of the entrance slit was fixed at 60
• relative to the incident photon axis. The entrance slit of the analyzer was oriented vertically, such that the transition matrix elements for the linear polarization excitation become symmetric with respect to the detection center. The sample was mounted on a six-axis manipulator. All measurements were done at room temperature. The sample was not magnetized after annealing. All the spin information from various magnetic domains within the beam irradiated area was averaged. We measured the azimuthal angle dependence of this nearest-neighbor-atom FFP intensity at the [101] direction from the Ni(111) surface as a function of photoelectron kinetic energy; I ±1 (E k ,φ). CPL was used. The suffix denotes the helicity. Figure 2(a) shows the azimuthal-angle-integrated photoelectron spectra excited by CPL with photon energy of 852.2 eV (spectrum A: black line) at L 3 absorption edge and 830 eV (spectrum B: red line) well below absorption edge. Two spectra measured with the opposite helicity excitation (σ = 1 and −1) were added. The top abscissa indicates the kinetic energy for the spectrum A. The spectrum B having no Auger electron peak was shifted so that the positions of the Fermi level and each photoelectron peak match with those of the spectrum A. The L 3 M 4,5 M 4,5 Auger peak at 840.5 eV in the spectrum A is a 1 G two-hole final state corresponding to the resonance with the 3d configuration interaction satellite. In the case of L 3 M 2,3 M 4,5 Auger electron peaks, the triplet and singlet components were observed. Powell and Mandl attributed these to the 3 P and 1 P two-hole final states [28] . The triplet has a higher kinetic energy due to the spin-orbit coupling. ACD contrast for the triplet component is reversed in contrast to the other peaks.
III. RESULTS AND DISCUSSION
The effective MQN of photoelectron, m * f (θ ), is the average of the different final-state angular momenta, m f , from the initial states of quantum number, m i = m f − σ , weighted by the transition probability at θ , the polar angle from incident photon axis [29] . l f m f is a polar angle part of spherical harmonics. m * f (θ ) is as follows.
The polar angle (θ ) dependences of p to d and d to f transition probabilities were calculated and shown elsewhere [22] . For instance, in the case of p → d transition, the final states of m f = 0 are the majority at the emission angle of 0 • , while they are 0 at the magic angle of 54.7
• . The final state m f of 1 is the majority at 45
• and 0 at 0 • and 90
• . The final state m f of 2 is the majority at 90
• , and 0 at 0 • . In the present measurement geometry, θ is set to 60
• , where the transition intensity ratio to the final states of m f = 0, 1, and 2 are 0.03:0.141:0.211. The scattering intensity is described as the superposition of a reference wave and an object wave that leads to a diffraction pattern. The pronounced forward-scattering peaks emerge due to the phase shift in the non-point-like attractive potentials of the atoms that are probed by the emitted electrons. The forward-scattering direction is perpendicular to the wave front of the reference wave at the site of the scattering atom. The wave front of the reference wave is described with the photoelectron isophase plane exp[i(kr + m * spiral [30] . This causes the rotation of the FFP direction around the incident light axis toward the same direction as the helicity of CPL. The rotation angle φ is well described by the Daimon formula [6, 30] :
where k is the wave number of the photoelectron. The shift φ is inversely proportional to the interatomic distance R between the photoelectron emitting and the scattering atoms; in the present case, it is R [101] . Thus, the local stereoscopic atomic arrangement can be imaged directly with a stereograph which consists of a pair of photoelectron intensity angular distributions excited by CPL [6, [30] [31] [32] (not shown).
The magnitude of the FFP rotation upon electron excitation with CPL is also expected to decrease with multiple scattering since this weakens the influence of the phase of the reference wave. The azimuthal intensity profiles of the [101] FFPs excited by CPL were individually fitted by Gaussians corresponding to the different angular momenta m f of emitted electrons and shown in Fig. 4 . The Gaussian peaks are centered at φ = 2.05
• m f and 2. the case of Cu LMM Auger electrons [33] . Therefore, the origin of ACD in the resonant Auger electron intensity angular distribution at the L 3 absorption threshold, where the excited core electron is trapped in the conduction band, is attributed to the final states m f = ±2.
In the case of 3p core-level excitation, the photoelectrons gain angular momentum σ by CPL excitation (m f = 2, 1, and 0). The components for m f = −1 and −2 do not exist in the case of 3p excitation by σ = 1 helicity. Furthermore, the transition intensity of the final states of m f = 0 is negligible since the emission angle θ = 60
• is close to the node direction of 54.7
• . Therefore, the fitted results for m f = −1 and 0 in the σ = 1 excitation azimuthal angle profile are attributed to the multiple scattering and/or the contribution of adjacent L 3 M 2,3 M 4,5 Auger electrons. By this way, we evaluated the intensity which does not contribute to the ACD. They are indicated by the gray hatch in Fig. 4(b) . This intensity was about 75% of the original FFP intensity. The intrinsic FFP intensity due to the interference of the direct and singlescattering wave at the nearest-neighbor atom is plotted in Fig. 4(c) . For the precise evaluation of the multiple-scattering effect, the aid of theoretical simulation is inevitable. However, the measurement of the ACD contrast and its separation in the different m f channels opens a way for quantifying the relative importance of multiple scattering with respect to single scattering.
Finally, we would like to give arguments on why antiparallel angular momentum transfer is observed for the triplet L 3 M 2,3 M 4,5 state. In the resonant L 3 absorption one 2p electron is transferred to the remaining hole in the Ni 3d shell. With the use of σ = 1 light the 3d m l = 2, 1, or 0 are populated from 2p m l = 1, 0, or −1. The direct Auger decay involving the 3p m l = 1, 0, or −1 and the 3d m l = 2, 1, or 0 states leads to the same final states as those of the direct photoemission from the 3p state with the same photon energy. This emission has a parallel angular momentum transfer (see Fig. 3 ). The triplet Auger decay of the initially occupied 3d states in turn, consists of the remaining 3d electrons, which have a negative expectation value of m l and is therefore expected to produce an antiparallel momentum transfer as sketched in Fig. 5 . The present model shown in Fig. 5 assumes a simple Hund's rule 3d 9 ground state despite crystal-field split and 3d4s hybrids in the solid, and the antiparallel angular momentum transfer is qualitatively explained. In this picture we cannot, however, understand the apparent parallel angular momentum transfer in the singlet Auger decay that involves the decay of the majority 3d electrons that have, for the case of Ni, a full (isotropic) 3d shell. The apparent dichroism of 0.21
• as reported in Fig. 3 might well be due to the dichroic background of the Ni 3p photoemission that has a three times larger parallel angular momentum transfer 10 eV above the singlet L 2 M 2,3 M 4,5 line. Such attenuation effects with the same order of magnitude have been observed for angular circular dichroism in germanium [34] .
IV. CONCLUSIONS
In conclusion, we have measured intensity angular distributions of resonant Auger electrons where the excited core electron is trapped at the conduction band, the CDAD contrast was clearly observed. On the contrary, only small ACD contrast was observed for the L 3 M 2,3 M 4,5 Auger electron case. Interestingly, we discovered non-negligible ACD contrast and its inversed contrast for the singlet and triplet components of the L 3 M 2,3 M 4,5 Auger electrons, respectively, suggesting that the angular momentum transfer to the Auger electrons depends on the Auger decay path in a nontrivial way. An orbital MQN polarized state can be selected by ACD. Then, the character of the valence atomic orbital involved in the Auger electron ACD can be specified and the valence-band occupancy distribution for each orbital MNQ is evaluated.
